Introduction
RH vacuum degasser is one of the most important secondary steelmaking processes to refine highly pure or clean steel, and its demand has increased more than ever. Carbon, nitrogen and hydrogen removals take place in vacuum chamber and ladle stimulates the smooth circulation of steel melt, whereas deoxidation occurs in the ladle in addition to the vacuum chamber and it is affected by a fluid mixing in the ladle. Therefore, the flow pattern of steel melt in the ladle is important to study the reaction property of RH vacuum degasser.
Assuming the virtual flows such as piston flow, perfect mixing flow and dead zone, Maas, 1) Ohtsuki et al., 2) Fujii et al. 3) and Korogi et al. 4) examined the relationship between fluid flow in the ladle and the reaction rate. The reaction rate of piston flow 1, 3) was accelerated more than that of perfect mixing flow in the ladle and the reaction rate was reduced by the presence of dead zone 2, 3) more than that of perfect mixing flow. Watanabe et al. 5) investigated the perfect mixing time in the RH ladle by mixing power density and compared it with the other steelmaking reaction furnaces. Kato et al. 6 ) developed a mathematical model of RH decarburization incorporating residence-time distribution of steel melt and calculated the time-change in carbon (Received on December 10, 2015 ; accepted on March 9, 2016) In order to understand the effect of down flow in RH ladle on mixing time, the relationship among flow patterns, circulation and mixing phenomena were examined by using three sizes of model RH. The temporal change in electric conductivity in ion-exchanged water was tracked after injecting KCl solution and the decoloration process of iodine color in ion-exchanged water was observed visually after injecting sodium thiosulfate solution. There were two mixing patterns in the ladle: One has a damping oscillation curve for a tracer response and the decoloration reaction occurred everywhere and uniformly, the other has a monotonical decreasing tracer curve after an overshoot and the decoloration delayed near the free surface of the ladle. concentration distribution of the ladle. Zhang et al. 7 ) built a decarburization model by adding the fluid flow in the vacuum vessel and ladle. The flow pattern of steel melt in the ladle was analyzed by the computation fluid dynamics (CFD) [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and perfect mixing time 14, 15) was also calculated by the time-change in a tracer concentration at a given point after a tracer injection.
An example of fluid flow 6) in the ladle is shown in Fig. 1 . 
6)
The discharged fluid out of a down-leg formed down flow in the ladle, entrained the surrounding fluid, impinged upon the ladle bottom and reversed all around, whereas the fluid flow was sucked near the immersed up-leg. There were two circulating zones, one of the right side of the down flow and the other on the lower left side of the ladle. The flow velocity near the free surface had the low value.
As described above, the fluid mixing in the RH ladle is induced by the down flow through down-leg. As a similar phenomenon of RH mixing, there is jet mixing 16) of liquid in tanks where the liquid jet is injected through a nozzle and circulated with the entrainment of surrounding liquid. However, the above studies on the RH mixing have paid little attention to the down flow to induce the ladle mixing. In this cold model study, the relationships among fluid flow pattern, circulation and mixing phenomena generated by the down flow in the RH ladle were examined by using different sizes of model RH. Figure 2 shows a schematic diagram of experimental apparatuses. In RH1 (the left side of Fig. 2 ), ion-exchanged water was pushed up to the open chamber by applying pressure on the free surface of the sealed ladle in RH1, bath depth in the chamber was kept to a given level by regulating pressure, and ion-exchanged water was circulated by injected air through a number of nozzles in the up-leg. RH2 or RH3 (the right side of Fig. 2 ) had the same circulation mechanism as the real RH vacuum degasser, that is, air was blown through multi-nozzles, drawn out of the closed chamber by a slight decrease in pressure and ion-exchanged water was circulated between the chamber and the ladle.
Experiment

Experimental Apparatus
The sizes of apparatus, bath depth and total water volume used in the experiments are shown in Table 1 . RH1, RH2 and RH3 were in order of decreasing size. The nozzle conditions of the up-leg are shown in Table 2 . Number of nozzles, nozzle position and nozzle diameter were kept constant, however the air flow rate was changed.
Experimental Procedure
There are two well-known methods to measure a mixing time in vessels by using a tracer response. 17) 1) Adding small amounts of electric solution such as a KCl tracer, a temporal change of the tracer concentration in the vessel is measured by an electrical conductivity sensor and the perfect mixing time is defined as the time when the concentration has been kept within a given range such as ± 5% and ± 2.5% of the final one. 2) After coloring the vessel liquid, small amounts of decolorization reagent solution is added as a tracer and the perfect mixing time is determined as the perfect decolorization time of the vessel liquid. In this study, the perfect mixing time was obtained from the latter The experimental procedure was as follows: 1) iodine was added to make 10 −4 kmol/m 3 of solution in the model RH, 2) 0.5 kmol/m 3 of sodium thiosulfate solution was injected into the middle of down-leg outlet (Fig. 2) 17) The above experimental condition is within this concentration coverage and physical properties such as solution density and viscosity seem to be the same during the decolorization method. The experiment was three times repeated and the average value of t M was determined as a perfect mixing time. The precision of t M was approximately 10%.
Tracer Response by KCl Solution
The temporal change in electric conductivity of ionexchanged water was tracked after injecting 3 kmol/m 3 of KCl solution. The volume per injection was 1/2 000 of the ion-exchanged water volume. As shown in Fig. 2 , the injection position was set in the middle of down-leg outlet, whereas the sensor position was set in the middle of downleg center.
Results and Discussion
Circulation Flow Rate
The empirical equation of down flow rate, Q d (m 3 /s), of RH was given by Kuwabara et al. 19) as Eq. (2).
where Q g : gas flow rate (Nm 3 /s), D leg : leg diameter (m), P nozzle , P chamber : pressure (Pa) in the nozzle tip of up-leg and in the chamber, respectively. Down flow velocity, u (m/s), in the center of downleg shown in Fig. 2 was measured by a propeller meter (KENEK Corporation, VO-301A). Although an entrance region requires approximately 50 times as long as an inner diameter for a fully developed turbulent flow in a pipe, 20) H leg /D leg values became 4.0 -4.1 for each RH vessel as calculated from Table 1 . It is probably safe to assume the flow at the down-leg outlet as a uniform flow. Thus, the average velocity < u > (m/s), of the cross-sectional direction in the down-leg was taken as u, and Q d was obtained from Eq. (3). D leg 4/3 is shown in Fig. 3 . Both slopes of RH2 and RH3, and RH1 denoted linearity, although each of them was different. The difference in slope is thought to be due to pressure term as shown Eq. (2).
Mixing Process and Tracer Response in RH Ladle
The decoloration process of RH1 is shown in Fig. 4 were progressed differently from that of RH1 in Fig. 4 . The decoloration near the free surface were slowest than the other region in the ladle as seen in the images of 20 s of Although the tracer concentration converged in the 20 s which was similar to the decoloration time in Fig. 4 or 5, the tracer response curves were different for RH1 and RH2, that is, it was recognized as a damping oscillation in RH1 denoted in Fig. 7(a) and it was decreased monotonically after an overshoot in RH2 shown in Fig. 7(b) . As seen in Figs. 7(a) The t M obtained from the decolorization reaction method and the relative deviation, d (%), of the electrical conductivity at the t M to the final one were also shown in Figs. 7(a) and 7(b). The d of + 4.5% in Fig. 7(b) was within ± 5% used normally as a threshold value of mixing time of the KCl tracer response, 17) whereas that of − 11% in Fig. 7 (a) was out of ± 5%. However, more data might be accumulated in order to compare the mixing property between the decolor- ization method and the KCl tracer response.
Mixing Phenomena in Ladle Induced by Down
Flow into Ladle Figure 8 Ricou et al. 21) and Maruyama et al. 22) showed that the circulation flow rate at the point where a jet impinged upon a wall and diminished was proportional to a jet flow rate at down-leg outlet and a jet distance, and was inversely proportional to a nozzle inner diameter. Thus, Eq. (4) is obtained in this study because the jet is regarded as the down flow, using a proportionality constant, k. Table 3 shows calculated results of H/D leg and t M /t R .for each sizes of model RH. The t M /t R denotes the number of the circulation of the ladle fluid until a perfect mixing and t M /t R = 1 means that the mixing time is equal to the time when the ladle fluid is exchanged perfectly. As seen in Table 3 , the ladle mixing completed before the perfectly 
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